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(54) ' Position sensor 



(57) A transducer is provided for use in a position 
sensor which senses the position of two relatively mov- 
able members. In one form, the transducer has a plural- 
ity of sensor windings having a number of loops ar- 
ranged in succession and connected in series so that 
signals induced in adjacent loops by a common electro- 
magnetic field oppose each other and an excitation 
winding having at least one loop superimposed on but 
electrically isolated from the loops of the sensor wind- 
ings. 
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Description 

[0001] The present invention relates to an apparatus 
for use in a position sensor wliicti senses ttie relative 
position between at least two relatively movable mem- 5 
bars. The invention has application in linear and rotary 
inductive position sensors. 

[0002] W095/3169 discloses an inductive position 
sensor in which one member carries an excitation wind- 
ing and a number of sensor windings mounted on a sen- to 
sor printed circuit board and the other member carries 
a resonator, also mounted on a printed circuit board. In 
operation, an alternating current is applied to the exci- 
tation winding which causes an alternating magnetic 
field to be set up in the region of the sensor printed circuit is 
board. This field inductively couples with the resonator 
when it Is placed in proximity to the sensor printed circuit 
board, to cause the resonator to resonate. This in turn 
generates Its own spatially patterned alternating mag- 
netic field In the vicinity of the sensor printed circuit 20 
board. This resonator magnetic field Induces alternating 
signals in the sensor windings whose amplitude sinu- 
soidaily varies with the relative position between the two 
members. A similar system is disclosed in EP 01 82085 
which uses a conductive screen in place of the resona- 2s 
tor. However, the use of a conductive screen has the 
disadvantages that the output signal levels are much 
smaller and that the signal induced in the sensor wind- 
ings by the conductive screen has substantially the 
same phase but opposite polarity to any signal gener- 30 
ated In the sensor windings directly from the excitation 
winding. In contrast, with a resonator, there is a 90° 
phase shift between the signal induced in the sensor 
windings by the resonator and any signal induced in the 
sensor windings by the excitation winding. Therefore, 35 
with a resonator, it Is possible to employ synchronous 
detection to isolate the resonator signal from any exci- 
tation breakthrough. 

[0003] The design of the sensor windings In both 
these systems is critical to the operation of the position 40 
sensor. In particular, they must be shaped so that there 
Is the necessary sinusoidal coupling with the resonator 
and so that there Is minimum coupling with the excitation 
winding. This is achieved by fomnlng the sensor wind- 
ings from a number of series connected loops arranged 45 
so that signals induced In adjacent loops by a common 
magnetic field oppose each other and by fomnlng the 
excitation winding as one or more loops around the pe- 
riphery of the sensor windings. 

[0004] One aim of the present invention is to provide so 
an alternative geometry of sensor and excitation wind- 
ings. 

[0005] The sensor windings and the excitation wind- 
ings are preferably formed on a two-layer printed circuit 
board since these are cheap and easy to manufacture ss 
as compared with multi-layer circuit boards. For low 
cost, small size and optimum EMC perfonnance, the 
electronics used to generate the excitation cun-ent and 



to process the signals induced in the sensor windings 
should be mounted on the same circuit board as thesen- 
sor windings. In the systems provided to date, these 
connections have been made by twisted pair flying 
leads, which are fiddly, expensive and can be unreliable. 
Connections can be made using conventional PCB 
track routing techniques. However, the connection 
tracks usually result (i) In a disturbance in the sinusoidal 
coupling relationship between the sensor windings and 
the resonator; and (ii) in the sensor windings being sen- 
sitive to the magnetic field generated by the excitation 
coil, both of which reduce the overall accuracy of the 
position sensor. 

[0006] One solution to this problem is simply to use 
multilayer printed circuit boards. However, this ap- 
proach Increases cost and can reduce position sensing 
accuracy since several printed circuit board layers re- 
quire accurate registration Instead of just two. 
[0007] According to one aspect, the present Invention 
provides a transducer for use in a position encoder com- 
prising: a first circuit having at least two loops connected 
in series and being arranged so that signals generated 
in the loops by a common electromagnetic field oppose 
each other; and a second circuit having at least one loop 
which extends along the measurement path and which 
is superimposed on but electrically isolated from the 
loops of the first circuit. 

[0008] Such a transducer provides the advantage that 
for a given size of circuit board, the area of the loops of 
the first circuit can be maximised regardless of the 
number of turns of the second circuit. 
[0009] This aspect also provides an apparatus for use 
in a position encoder comprising: a first plurality of con- 
ductor tracks arranged along a measurement path; a 
second plurality of conductor tracks arranged along the 
measurement path; wherein the first and second plural- 
ity of conductor tracks are superimposed on each other 
to define (1) a first circuit having at least two loops along 
the measurement path, the loops being connected In se- 
ries and being an-anged so that signals generated In the 
two loops by a common electromagnetic field oppose 
each other; and (ii) a second circuit having at least one 
loop which extends along said measurementpath; char- 
acterised in that the conductor tracks of said first plural- 
ity of conductor tracks which form part of said first circuit 
are arranged In first and second groups which are trans- 
versely spaced relative to said measurement path; the 
conductor tracks of said second plurality of conductor 
tracks which fomi part of the first circuit are arranged for 
connecting conductor tracks in the first group with con- 
ductor tracks in the second group; and the conductor 
track ortracks of the second plurality of conductortracks 
which fomi said at least one loop of said second circuit 
are located between said first and second groups of con- 
ductor tracks. 

[0010] According to another aspect, the present in- 
vention provides a transducer for use In a position sen- 
sor, comprising: two layers of conductor tracks insulat- 
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ed, at least at any crossovers, by an insulator, the con- 
ductor tracks being arranged so as to define (i) a first 
circuit having at least two loops which extend along a 
measurement path, said loops being connected in se- 
ries and being arranged so that signals induced in said 
at least two loops by a common magnetic field oppose 
each other; and (ii) a second circuit having at least one 
loop which extends along said measurement path and 
which is superimposed on but electrically isolated from 
said at least two loops of said first circuit; wherein an 
electromagnetic coupling area between the at least one 
loop of said second circuit and one or more loops of said 
first circuit is varied to oppose the effect of a variation 
coupling between the at least one loop of the second 
circuit and a loop of the first circuit caused by an ar- 
rangement of connection tracks to said second circuit. 
[0011] Preferably, in this aspect, the second circuit 
comprises a multi-start spiral winding, and wherein said 
variation in coupling areas is provided in the vicinity of 
the or each start to the spiral winding. 
[001 2] Exemplary embodiments of the present inven- 
tion will now be described with reference to the accom- 
panying drawings in which: 

Figure 1 schematically illustrates a rotating shaft 
having a position encoder mounted relative thereto, 
for encoding the position of the rotatable shaft; 

Figure 2a schematically shows one turn of asensor 
winding forming part of the position encoder shown 

in Figure 1; 



Figure 2c when stretched out over a linear path; 

Figure 2h shows a top layer of conductors fonning 
part of thre printed circuit board shown in Figure 2c; 

Figure 2i shows the bottorti layer of conductors 
forming part of the printed circuit board shown in 
Figure 2c; 

Figure 2j shows the winding shown in Figure 2a to- 
gether with part of the excitation winding and illus- 
trates the way in which the excitation winding is con- 
nected to its connection pads without coupling to 
the sensor windings; 

Figure 3a shows the top layer of a resonator printed 
circuit board; 

Figure 3b shows the bottom layer of the resonator 
printed circuit board; 

Figure 4 is a schematic representation of excitation 
and processing circuitry used to energise the exci- 
tation winding shown in Figure 2c and to process 
the signals received in the sense windings shown 
in Figure 2c; 

Figure 5 illustrates the way in which the peak am- 
plitude of the signal induced in each sense winding 
varies with the angular position of the rotatable 

shaft; 

Figure 6 illustrates an alternative form of the exci- 
tation winding shown in Figure 2c; and 

Figure 7 illustrates the form of an excitation and a 
set of sensor windings forming part of a linear en- 
coder. 

[0013] Figure 1 schematically shows a shaft 1 which 
is rotatable about its axis and which passes through a 
bearing 3 provided in a support wall 5. A first printed 
circuit board 9 carrying a resonator (not shown) is 
mounted for rotation {as represented by arrow 7) with 
theshafti via bushing 11 next to a second printed circuit 
board 15 (shown in cross-section) which carries a 
number of sensor windings (not shown) and an excita- 
tion winding (not shown). The second printed circuit 
board 15 is fixed to the support wall 5 and has a central 
hole 16 through which the rotatable shaft 1 passes. 
[0014] The excitation winding, sensor windings and 
the resonatorare arranged such that when an excitation 
cun-ent is applied to the excitation winding, the resonator 
is energised which induces signals in the sensor wind- 
ings, the peak amplitudes of which vary sinusoidally with 
the angle of rotation of the shaft. The sensor windings 
are connected to processing electronics (not shown) 
which processes the induced signals to determine the 



Figure 2b schematically shows the fonn of the wind- 
ing shown in Figure 2a when stretched out in a lin- 
ear path; 35 

Figure 2c shows a printed circuit board upon which 
the winding shown in Rgure2ais mounted together 
with three similar windings and an excitation wind- 
ing; 40 

Figure 2d illustrates two of the windings shown in 
Figure 2c when stretched out over a linear path and 
Illustrates the way in which these two windings are 
connected In series to form a sensor winding; fs 

Figure 2e shows a top layer of printed conductors 
which form part of a printed circuit board; 

Figure 2f shows the bottom layer of conductors so 
which, together with the top layer of condudors 
shown in Figure 2e, form a transducer having an 
excitation winding and two two-turn sensor wind- 
ings in which the spacing between the turns of each 
sensor winding are arranged to reduce hamionic ss 
distortion; 

Figure 2g shows the two sensor windings shown in 
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rotational angle of the rotatable shaft 1 . 
[0015] in this embodiment, two two-turn sensor wind- 
ings are used which extend circumferentially around the 
circuit board 15. Each turn of each sensor winding has 
the same geometric fomn and comprises three periods 
of windings, each period extending circumferentially 
over an angle of approximately 120°. Figure 2a shows 
the form of one turn 21-1 of one of the sensor windings 
21 and Figure 2b illustrates the fomi of this turn 21-1 
when it is stretched out over a linear path. As shown in 
Figures 2a and 2b, sensor winding turn 21-1 comprises 
six hexagonal shaped loops 21 -1 a to 21 -1 f of series con- 
nected conductors, connected such that adjacent loops 
are wound in the opposition sense. Thus any EMF in- 
duced in one loop will oppose the EMF induced in an 
adjacent loop by the same magnetic field. In this em- 
bodiment, the area enclosed by each loop is approxi- 
mately the same, thereby mal<ing each turn and hence 
each sensor winding relatively immune to background 
electromagnetic interference since EMFs induced In ad- 
jacent loops substantially cancel each other out. 
[0016] In this embodiment, the sensor windings are 
formed on a two-layer printed circuit board having an 
approximate diameter of 25mm. The conductors on the 
top side (which in use faces the support wall 5) are 
shown in Figures 2a and 2b as dashed lines, and the 
conductors on the bottom side (which in use faces the 
resonator circuit board 9) are shown in solid lines. As 
can be seen, the majority of the conductors are located 
on the side of the printed circuit board which. In use, will 
be nearest to the resonator printed circuit board 9. This 
ensures that there is maximum coupling between the 
resonator and the sensor windings. As can be seen from 
Figures 2a and 2b, the via holes 22 which connect the 
conductors on the top and bottom layers of the printed 
circuit board 15 are located at the inner and outer edges 
of the loops and the conductors connecting these edges 
are all on the bottom side of the printed circuit board. 
[0017] In this embodiment, a connection is made from 
the sensor winding tum 21 -1 to a pair of connection pads 
23 and 25 by removing the via which would nonnally be 
at point A (for connecting conductors 24 and 26 which 
run on opposite sides of the printed circuit board) and 
by running a pair of connection trades 28 from the ends 
of these conductors at point A to the connection pads 
23 and 25. As shown, the connection tracl<s 28 follow 
each other on opposite sides of the PCB, thereby mini- 
mising any magnetic coupling between the connection 
tracks 28 and the resonator (not shown) and between 
the connection tracl<s 28 and the excitation winding (not 
shown). 

[0018] As mentioned above, in this embodiment, 
there are two two-turn sensor windings and an excitation 
winding on the printed circuit board 15. Figure 2c shows 
the printed circuit board 15 virith all these windings. As 
shown, the first tum 21 -1 of sensor winding 21 is high- 
lighted by use of thicker lines and the two turns of each 
sensor winding 21 and 27 are circumferentially spaced 
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apart by 15° (one-eighth of a period) and the first tum 
21 -1 of sensor winding 21 is circumferentially spaced 
apart by 30° (one-quarter of a period) from the first turn 
27-1 of sensor winding 27. As shown, the second turn 

5 21-2 of sensor winding 21 is connected to connection 
pads 23 and 30 by a pair of connection tracks 32 which, 
like connection tracks 28, follow each other on opposite 
sides of the printed circuit board 15. Similarly, connec- 
tion tracks 34 and 36 connect turns 27-1 and 27-2 re- 

10 spectively to connection pads 31 and 33 and 31 and 35 
respectively. In this way, turns 21-1 and 21-2 are con- 
nected in series and turns 27-1 and 27-2 are also con- 
nected in series, and the connection tracks to these 
windings do not affect the magnetic coupling between 

'5 the sensor windings 21 and 27 and the excitation wind- 
ing and between the sensor windings 21 and 27 and the 
resonator. 

[0019] Figure 2d shows the two turns 21-1 and 21-2 
which together form the sensor winding 21 when 

20 Stretched out over a linear path. As shown, in this em- 
bodiment, the stagger or separation between the two 
turns is 15°. Atwo-tum sensor winding is used because 
it provides larger output signals and reduces spatial dis- 
tortion. Lower spatial distortion means that the spatial 

25 coupling relationship between the resonator and the 
sensor windings is more neariy sinusoidal. This ensures 
a more accurate sensor. Ideally, the coll stagger angle 
should be in the region of one-sixth of the period (i.e. 
20° In this embodiment), since this suppresses the ma- 

30 jor component of the hamiohic error. The exact stagger 
angle for lowest hannonic distortion may not be exactly 
asixth of a period and can be determined by experiment 
and or modelling. In this embodiment, a coil staggeFan- 
gle of one-eighth of a pitch was chosen so as to avoid 

35 clashes between the conductors of each sensor winding 
due to lack of space. (An alternative approach is to stag- 
ger the positions of the radial lines closer to the optimum 
sixth of a period, while keeping the space-critical posi- 
tions of the vias constant. The top and bottom layers of 

40 a printed circuit board which would fomri such sensor 
windings are shown in Figures 2e and 2f.) 
[0020] Figure 2g shows thef ourturns 21-1,21 -2, 27-1 
and 27-2 of windings which fonn the two sensor wind- 
ings 21 and 27 of this embodiment, stretched out over 

45 a linearpath. As shown, the separation orstagger angle 
between the two sensor windings 21 and 27 is 30°, 
which corresponds to a quarter of a period. Therefore, 
the signals output by the respective sensor windings will 
be in phase quadrature. 

50 [0021] Refen-ing again to Figure 2c, the connections 
between the conductors forming the sensorwindings 21 
and 27 on the top and bottom layers of the circuit board 
1 5 are provided by two inner circles of vias 42 and two 
outer circles of vias 44. Figure 2h shows the bottom lay- 
55 er of conductors on the printed circuit board 1 5 (as seen 
from the top layer). As shown, conductortracks between 
the inner circles of vias 42 and the outer circles of vias 
44 are all made on this layer. Therefore, as shown in 
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Figure 2c, the excitation winding 29 can be wound on 
the top layer between these inner and outer circles of 
vias without clashing with the sensor windings 21 and 
27. This is illustrated in Figure 2i, which shows the con- 
ductors which are fornned on the top layer of the printed 
circuit board 15. 

[0022] As shown in Figure 2c, the excitation winding 
29 comprises seven concentric loops fonned by a two- 
start spiral winding. In particular, the excitation winding 
29 extends anticlockwise in an increasing spiral from via 
24 to point C, where the outer loop is connected by con- 
ductor 38 to via 26. At via 26, the excitation winding 29 
continues in an anticlockwise increasing spiral until 
point D. As those skilled in the art will appreciate, each 
loop of each sensor winding will couple with the excita- 
tion winding 29. However, since each loop is wound in 
the opposite sense, any signal induced from the excita- 
tion winding 29 In one loop will oppose the signal in- 
duced in an adjacent loop. Therefore, if the magnetic 
coupling between the excitation winding 29 and each 
loop of the sensor windings 21 and 27 Is the same, then 
any signal induced in one loop by the excitation winding 
will substantially cancel with the signal Induced In an ad- 
jacent loop and, therefore, there will be no net coupling 
between the excitation winding 29 and the sensor wind- 
ings 21 and 27. However, as will become apparent from 
the following description, In this embodiment, it is not 
possible to ensure that the magnetic coupling between 
the excitation winding 29 and each loop of each sensor 
winding will be the same because of the connection 
tracks 40 which connect the excitation winding 29 to the 
connection pads 37 and 39. 

[0023] As explained above, connections have been 
made to each turn of the sensor windings using connec- 
tion tracks which have substantially no coupling with the 
resonator and the excitation winding 29. This is because 
the connection tracks follow each other on either side of 
the printed circuit board 15 and because the magnetic 
field generated by the excitation winding and by the res- 
onator are predominantly perpendicular to the surface 
of the circuit board 15. As will be appreciated from Fig- 
ures 2h and 21, it is not possible, in this embodiment with 
a two layer circuit board design, to run a similar set of 
connection tracks to the excitation winding 29 without 
clashing with the sensor windings 21 and 27. In partic- 
ular, with reference to Figure 2c, the connection tracks 
40 which connect the excitation winding 29 to the con- 
nection pads 37 and 39 pass from these pads on either 
side of the printed circuit board 15 to point B, where the 
connection track on the top layer of the printed circuit 
board 15 passes to the left until it reaches the outer tum 
of the excitation winding 29 at point D, and the connec- 
tion track on the bottom layer of the printed circuit board 
15 passes to the right and connects to the inner turn of 
the excitation winding 29 at the via hole 24. This diver- 
gence of the paths taken by the connection tracks 40 
results in an Imbalance in the coupling between the ex- 
citation winding 29 and the loops of the sensor windings 



21 and 27. 

[0024] The reason for this imbalance will now be ex- 
plained with reference to Figure 2j, which shows part of 
the excitation winding 29 andthefirstturn 21 -1 of sensor 

5 winding 21 . As shown, where the connection tracks 40 
diverge at point B, there is an additional area 43 of over- 
lap between the excitation winding 29 and the loop 
21 -lb as compared with, for example, the area of over- 
lap between the excitation winding 29 and loop 21 -1c. 

10 This additional overlap results in an increased magnetic 
coupling between the excitation winding 29 and loop 
21 -1 b, than that between the excitation winding 29 and 
loop 21 -1 c. A similar imbalance is also created between 
the excitation winding 29 and the other sensor winding 

15 27. 

[0025] In this embodiment, a further imbalance is de- 
liberately added to counter the imbalance caused by the 
connection tracks. In particular, a similar imbalance is 
generated by creating a similar area to area 43 in a loop 

20 of the winding 21-1 which is wound in the opposite 
sense. In this embodiment, this deliberate imbalance Is 
made by adding the additional overlap area 45 in loop 
21 -1 e, which is 1 80° spaced from the imbalance caused 
by the connection tracks in loop 21 -1 b. As those skilled 

ss in the art will appreciate, the deliberate imbalance could 
have been made at any one of the loops 21-1 a, 21 -1c 
or 21 -1 e. Alternatively, a smaller imbalance could have 
been added to each of these loops in order to counter 
the main imbalance caused by the connection tracks. 

30 [0026] Figure 3a shows the top layer of the resonator 
printed circuit board 9 and Figure 3b shows the bottom 
layer of the resonatorcircuit board 9, as it would be seen 
from the top layer. The printed circuit board 9 is formed 
from a circular disc having a diameter of approximately 

35 25mm and has two cutout regions 9-a and 9-b which 
receive securing pins 52, 54 and 56 which are mounted 
on the bushing 11 and which, in use, secure the circuit 
board 9 relative to the bushing 11 . As shown in Figure 
3a, the top layer of circuit board 9 comprises three coil 

'lo portions 53a, 55a and 57a which are clrcumferentially 
spaced apart by 120°. Similarly, the bottom layer of the 
resonator printed circuit board 9, as shown in Figure 3b, 
comprises three coils 53b, 55b and 57b which are also 
circumferentially spaced apart by 1 20°, with coil 53b be- 

45 ing located directly behind coll 53a, with coil 55b being 
located directly behind coll 55a and with coll 57b being 
located directly behind coil 57a. In this embodiment, in 
use, the top layer of the resonator circuit board 9 faces 
the sensor circuit board 15 with a separation therebe- 

50 tween of approximately 2mm. 

[0027] Each of the coils 53, 55 and 57 are connected 
in series and the ends of the coils are connected to a 
pair of capacitor mounts 61 and 63 which connect a pair 
of capacitors in series with the colls to form an LC res- 

55 onator 50. More specifically, the conductor track ex- 
tends from capacitor mount 61 on the top layer of the 
resonator circuit board 9 in an anticlockwise decreasing 
spiral to define the coil 53a until it reaches via 65, where 
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the track passes through to the other side of the board 
9. From via 65, the conductor tracic extends on the bot- 
tom layer of the board 9 in an anticlocltwise increasing 
spiral to define coil 53b until it reaches via 67 where the 
track returns to the top layer of the circuit board 9. The 
conductor track then continues in an anticlockwise de- 
creasing spiral to define coil 55a until it reaches via 69 
where it passes back through to the bottom layer of the 
circuit board 9. The conductor track winds from via 69 
in an anticlockwise increasing spiral to define coil 55b 
until via 71 where the conductor passes back to the top 
layer of the circuit board. From via 71 , the track winds 
in an anticlockwise decreasing spiral direction to define 
coil 57a until it reaches via 73. At via 73, the conductor 
passes back to the bottom layer and continues in an an- 
ticlockwise increasing spiral to define the coil 57b until 
It reaches via 75, where the track Is connected to the 
other capacitor mount 63. 

[0028] When the circuit board 9 is rotatably mounted 
on the bushing 1 1 and the circuit board 1 5 is fixed to the 
support wall 5 so that the inner edge 76 of the resonator 
circuit board 9 Is concentric with the inner edge 1 6 of 
the sensor circuit board 16, the coils 53, 55 and 57 are 
located adjacent the excitation winding 29 and the sen- 
sor windings 21 and 27. When an excitation cun^nt is 
applied to the excitation winding 29, the magnetic field 
generated by the excitation winding couples with the 
conductor tracks of the coils 53, 55 and 57 which are 
closest to the outer edge of the circuit board 9, to induce 
an ElVIF in each of these coils. Since the coils are all 
wound in the same direction, these EMFs add and a res- 
onator cun'ent is generated which flows through each 
coil 53, 55 and 57, thereby generating a spatially pat- 
terned resonator magnetic field having three principal 
axes located at the centres of the coils 53, 55 and 57. 
Since the resonator 50 has the same number of coils 
53, 55 and 57 as there are periods of sensor winding, 
and since the separation between these coils corre- 
sponds to one period of the sensor windings, the asym- 
metries in the excitation winding 29 in regions 43 and 
45 shown in Figure 2h, do not affect the coupling be- 
tween the excitation winding 29 and the resonator 50 
which remains constant for all angular positions of the 
resonator board 9. 

[0029] As will be appreciated by those skilled In the 
art, when the resonator 50 Is resonating, the spatially 
patterned magnetic field generated by the resonator will 
Interact with the sensor windings 21 and 27 to generate 
an output signal in each which will vary with the angular 
position of the resonator circuit board 9. For example, 
when coil 53 is located over loop 21 -1a, coil 55 will be 
located over loop 21 -1c and coil 57 will be located over 
loop 21 -1e. Since each of the coils 53, 55 and 57 are 
wound in the same direction, when the resonator is res- 
onating, the same size and magnitude of EMF will be 
induced in each of these three loops 21 -la, 21 -1c and 
21-1 e the magnetic field generated by the current flow- 
ing in these colls. Since these loops of the sensorwlnd- 



ing 21 are wound in the same direction, these EMFs will 
add with each other to create an output signal. 
[0030] When the resonator circuit board 9 rotates rel- 
ative to the sensor windings so that the coils 53, 55 and 

5 57 are located between adjacent sensor loops, the 
EMFs induced in the adjacent loops will cancel each oth- 
er out to generate no resulting output signals in sensor 
winding turn 21-1 . As the resonator board rotates fur- 
ther, sothat, for example, coils 53, 55 and 57 are located 

10 adjacent loops 21 -lb, 21 -Id and 21 -If, the induced 
EMFs therein will all add together but will be of opposite 
polarity to the total EMF which was induced when the 
resonator board 9 was at an angle such that coils 53, 
55 and 57 were opposite loops 21 -1 a, 21 -1 c and 21 -1 e. 

15 [0031] Therefore, as the resonator rotates relative to 
the sensor coils 21 and 27, the output signals Induced 
therein will vary periodically as the resonator board 9 
rotates. Since the two sensor windings 21 and 27 are 
circumferentially spaced apart by a quarter of a period, 

20 the periodic variation of the signal induced in one sensor 
winding will be in phase quadrature with the periodic var- 
iation of the signal induced in the other sensor winding. 
Ideally, this periodic variation should be exactly sinusoi- 
dal. However, there are usually higher order hamnonlc 

25 variations which cause distortion in the output signals. 
As mentioned above, in an embodiment which uses 
multitum sensor windings, it is possible to arrange for 
the spacing between the conductors of the different 
turns to reduce this hannonic distortion. The effect of 

30 this harmonic distortion also decreases as the gap be- 
tween the resonator circuit board 9 and the sensor cir- 
cuit board 15 increases. However, in this embodiment, 
with a 25mm diameter device and a gap between the 
resonator circuit board 9 and the sensor circuit board 1 5 

35 of 2mm, most of these hannonic distortions can be ig- 
nored. 

[0032] Figure 4 shows the excitation and processing 
circuitry 1 01 used to energise the excitation winding 29 
and to process the signals induced in the sensor wind- 

40 ings 21 and 27. In this embodiment, the excitation and 
processing circuitry 1 01 is mounted on the circuit board 
15 and is connected to the excitation winding 29 at con- 
nection pads 37 and 39 and is connected to the sensor 
windings 21 and 27 at connection pads 25 and 30 and 

15 33 and 35 respectively. As shown, the excitation and 
processing circuitry 101 comprises a digital waveform 
generator 1 03 which is operable to receive an oscillating 
input from a crystal oscillator 1 05 and to output the ex- 
citation signal which is applied to the excitation winding 

so 29 via an excitation driver 1 07. 

[0033] In this embodiment, the excitation signal is a 
squarewave voltage having afundamental frequency Fq 
of 1 MHz, which is matched to the resonant frequency 
of the resonator 50 mounted on the resonator circuit 

55 board 9. The excitation current flowing in the excitation 
winding 29 generates an electromagnetic field in the vi- 
cinity of the resonator circuit board 9 which causes the 
resonator 50 to resonate. When resonating, the resona- 
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tor 50 creates its own magnetic field which induces an 
EMF in each of the receive windings 21 and 27 whose 
peak amplitudes (E21 and E27) vary sinusoidally in 
phase quadrature with the rotation of the resonator 50. 
The way in which these peal< amplitudes vary with rota- 
tion angle (9) is shown in Figure 5. As shown, the sinu- 
soidal variation repeats every 120°, corresponding to 
the period or pitch of the sensor windings 21 and 27. 
[0034] As shown in Figure 4, the EMF induced In the 
sensor windings 21 and 27 are Input to mixers 109 and 
111 respectively, where they are mixed with a 90° 
phase-shifted version of the excitation signal which is 
applied to the excitation winding 29, In order to demod- 
ulate the induced EMFs. The 90° phase shift is required 
due to the operation of the resonator 50 when it reso- 
nates. The outputsf romthe mixers 1 09 and 111 will each 
comprise a DC component corresponding to the respec- 
tive peak, amplitudes of the EMFs induced in the corre- 
sponding sensorwindlngs, together with high frequency 
time varying components. 

[0035] The outputs from the mixers are then fed, one 
after the other, through switch 113 to a low pass filter 
115 which removes these high frequency time varying 
components. These peak amplitude values are then 
converted from an analogue value into a digital value by 
the analogue-to-digital converter 1 1 7 and passed to the 
microprocessor 1 1 9 which determines the rotational an- 
gle of the resonator board 9 by using an arc-tangent 
function on these digital values. (As represented by the 
dashed lines 121 and 123, the microprocessor 119 also 
controls the switching of the switch 1 1 5 and the signals 
generated by the digital waveform generator 103.) As 
those skilled in the art will appreciate, the microproces- 
sor 119 will be able to unambiguously detennlnethe ro- 
tation angle of the resonator board over a shaft angle of 
120°. This position encoder would, therefore, be suita- 
ble for detennining the angular position of a throttle 
valve in an engine, which only rotates through 90°. Al- 
ternatively, if the microprocessor 119 counted the cy- 
cles, then the rotation of the resonator board 9 can be 
continuously tracked. 

[0036] A brief overview has been given of the excita- 
tion and processing circuitry employed in the present 
embodiment. A more detailed explanation can be found 
in, for example, the applicant's earlier International Ap- 
plication W095/31 696, the contents of which are incor- 
porated herein by reference. An alternative processing 
circuitry which does not use an arc-tangent function to 
determine the rotation angle can be found in the appli- 
cant's earlier International Application WO98/00921, 
the contents of which are also incorporated herein by 
reference. 

[0037] The above embodiment has a number of sig- 
nificant advantages overthe prior art systems described 
in the Introduction. These include: 

(1) As a result of winding the excitation windings 
over the loops of the sensor windings, efficient uti- 



lisation of printed circuit board space is achieved. 
In particular, for a given size of sensor printed circuit 
board, more turns of excitation winding can be pro- 
vided whilst maintaining the largest possible size of 

5 sensor winding loops. Inthepriorartsystems where 
the excitation winding is wound around the outside 
of the sensor loops, if the number of turns of the 
excitation winding is increased, then either the 
width of the sensor printed circuit board must be in- 

10 creased or the width of the sensor winding loops 
must be decreased. In some applications, it is not 
possible to increase the size of the sensor circuit 
board and reducing the size of the sensor winding 
loops decreases the output signal levels. 

15 

(2) Connections are made from each of the sensor 
windings to the processing electronics (a) without 
creating any significant disturbance in the sinusoi- 
dal coupling relationship between the sensor wind- 
ings and the resonator; (b) without creating any sig- 
nificant net coupling between the sensor windings 
and the excitation windings; and (c) without making 
the sensor windings susceptible to background 
electromagnetic interference. 

(3) A two-layer printed circuit board has been pro- 
vided in which the excitation winding is wound In- 
side the sensorwindlngs and in which the excitation 
winding has been connected to the excitation elec- 
tronics using printed circuit board tracks without 
creating a net magnetic coupling with any of the 
sensor windings. This is achieved by deliberately 
adding an imbalance to counter the imbalance 
caused by the excitation winding's connection 
tracks. 

(4) Since connection pads to each of the sensor 
windings and to the excitation winding are located 
on the outside of the track patterns, connections 
can be made thereto in a simple manner. 

(5) Since the loop area of the sensor windings has 
been maximised for a given size of printed circuit 
board, the device can operate over larger separa- 
tions between the sensor circuit board 15 and the 
resonator circuit board 9, because the rate of signal 
fall-off with this separation Is slower. This is impor- 
tant where both parts are individually sealed for en- 
vironmental protection since larger separations en- 
able thicker layers of protective coating, which are 
generally cheaper and easier to apply and more ro- 
bust. 

(6) The outer radius of the excitation winding is max- 
imised and the inner radius is minimised so that the 
coupling to the resonator is maximised. This is 
achieved in this embodiment (a) by winding the out- 
er loop of the excitation winding as close as' possible 
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to the outer circles of vias 44; and (b) by making the 
radius of the inner loop of the excitation winding 
equal the distance from the centre of the resonator 
circuit board 9 to the centre point of the resonator 
coils 53, 55 or 57. This is because the excitation 
winding mainly couples with the tracks of the colls 
53, 55 and 57 which are at the outer edge of the 
circuit board 9. As the width of the excitation winding 
increases towards the inner tracks of these coils, 
the overall coupling with the excitation winding de- 
creases since the coupling in these innertracks op- 
poses the coupling in the outer tracks. 

(7) A multi-turn excitation winding is provided which 
increases the inductance of the excitation winding, 
thereby allowing: (a) use of common sensor supply 
voltages (approximately three volts), thereby allow- 
ing the elimination of step-down voltage conversion 
circuitry; and (b) the use of a half-bridge or a full- 
bridge switching amplifier ratherthan a less efficient 
linear power amplifier for amplifying the signal out- 
put by the signal generator before it is applied to the 
excitation winding. 

MODIFICATIONS AND ALTERNATIVE 
EMBODIMENTS 

[0038] In the above embodiment, a multi-turn excita- 
tion winding was used in which all the windings were 
wound in the same direction. Whilst this provides the 
advantages of increased inductance, it suffers from the 
disadvantage that there is a limit to how many turns the 
excitation winding can have before the coupling with the 
resonator begins to reduce. Figure 6 illustrates an alter- 
native fonri of excitation winding 131 having six series- 
connected turns of winding in which the outerthree turns 
are wound in one direction and the inner three turns are 
wound in the opposition direction. This excitation coil 
has the advantage of having an increased magnetic 
coupling with the resonator since the outer turns will 
couple with the tracks at the outside edge of the reso- 
nator circuit board and the innertracks will couple with 
the tracks at the inside edge of the resonator circuit 
board which will add to the coupling with the outside 
tracks. Since there is increased coupling between the 
resonator and the excitation winding 131 , this results In 
greater signal levels and hence improved accuracy and 
electromagnetic interference perfonnance. 
Figure 6 also shows the inner and outer circles of vias 
42 and 44 associated with the sensor windings (not 
shown). Although not shown in Figure 6, the connection 
tracks between the excitation circuitry and the ends of 
the excitation winding 131 can be made in a similar man- 
ner to the way these connections were made in the first 
embodiment, so that there will be no coupling between 
the excitation winding and the sensor windings. 
[0039] A further benefit of the excitation winding 
shown in Figure 6 is that is reduces the electromagnetic 



emission from the excitation winding which may inter- 
fere with other electronic circuits. Additionally, it is pos- 
sible to make the excitation coil sub.stantially immune to 
electromagnetic interference by including more turns on 

5 the inner coil so that the magnetic dipole of thp inner 
and outer coils are equal and opposite. The disadvan- 
tage of such an embodiment is that the excitation wind- 
ing will have reduced inductance and this will make it 
harder to drive. 

10 [0040] In the first embodiment, the excitation winding 
comprised a two start spiral winding. It is possible to 
counter the imbalance caused by the connection tracks 
by creating a corresponding imbalance in, for example, 
the inner loop of a single start spiral winding. However, 

is the mufti-start spiral winding is preferred, because the 
imbalance can be made in a symmetric manner and if 
the excitation voltage is differentially applied to the ex- 
citation winding through a full bridge switching circuit, 
then the two-start spiral winding will reduce the effects 

so of capacitive coupling between the excitation winding 
and the sensor windings. 

[0041] in the first embodiment, it was mentioned that 
an imbalance can be added to several loops of the sen- 
sorwinding in orderto counteract the imbalance caused 
25 by the connection tracks. Preferably, the number of spi- 
ral starts to the excitation winding equals the number of 
imbalances (including the connection track imbalance), 
so that these imbalances remain symmetrical with each 
other. 

30 [0042] In the above embodiments, two two-turn peri- 
odic sensor windings were provided having a period cor- 
responding to a rotational angle of 120°. As those skilled 
in the art will appreciate, the above techniques can also 
be used in embodiments having any number of sensor 

35 windings having any number of periods wound circum- 
ferentially around the sensor circuit board and having 
any number of turns. For example, two one-turn single- 
period sensor windings could be provided which are cir- 
cumferentially spaced apart around the circuit board by 

40 90°. From the signals induced in these sensor windings, 
the position of the resonator can be unambiguously de- 
tennined over 360°. However, multiple-turn sensor 
windings are preferred because of the advantages dis- 
cussed above and should be used where space pemnits. 

45 [0043] The above embodiments which have been de- 
scribed relate to rotary position encoders. Many of the 
features of the first embodiment will also apply to linear 
position encoders. Figure 7 shows two three-period, 
20mm pitch two-turn sensor windings 1 35 and 1 37 in 

50 which the separation between the turns of each sensor 
winding is a sixth of the pitch (3.3mm) and the separa- 
tion between the first turn of winding 135 and the first 
turn of winding 137 is a quarter of the pitch (5mm). As 
in the first embodiment, connections are made from the 

55 two tums of each sensor winding using connection 
tracks 139, 141, 143 and 145 which do not disturis the 
sinusoidal coupling relationship between the sensor 
coils and the resonator (not shown) and which do not 
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couple with the excitation winding 147. 
[0044] As shown in Figure 7, in this embodiment, the 
excitation winding 147 comprises fourtums of conduc- 
tor wliich pass through the centre of the sensor winding 
loops. In this embodiment, the connection to the exclta- s 
tion winding 147 can also be made using connection 
tracks 1 49 which follow each other on either side of the 
sensor circuit board (not shown), which will not couple 
with the sensor windings. Therefore, it is not necessary, 
in this embodiment, to deliberately provide an imbal- io 
ance between the excitation winding 1 47 and the sensor 
windings 1 35 and 1 37 in orderto counter any imbalance 
caused by the connection tracks. This is possible, be- 
cause the connection can be made to the excitation coll 
at one end thereof. However, there may be applications is 
where this is not possible and the connection must be 
made somewhere in the centre of the sensor windings 
135 and 137. In this case, an imbalance will be created 
by the connection tracks to the excitation winding 1 47 
and therefore a further imbalance will have to be added 20 
In a similar manner to the way in which it was added in 
the first embodiment in orderto counter this balance. 
[0045] As those skilled in the art will appreciate, the 
linear embodiment shown in Figure 7 also has many of 
the advantages described above for the rotary embod- 25 
iment, including thatthe width of the sensor coils Is max- 
imised for a given sensor board width, thus increasing 
signal levels. This is especially important where there is 
pressure to reduce the overall width of the position sen- 
sor so that it can, for example, fit into a small diameter so 
tube.' 

[0046] The above embodiments have been described 
with reference to forming the sensor windings and the 
excitation windings on a two-layer printed circuit board. 
Similarconsiderations will also apply where these wind- 35 
ings are formed using thick or thin film technologies, in 
whichr a first layer of conductive film is provided over a 
ceramic insulating substrate, followed by an insulating 
layer (which may be patterned so as to only Insulate at 
the crossover points) followed by a second conductive 40 
film to generate the set of excitation and sensor wind- 
ings. 

[0047] In the above embodiment, a separate mixer 
was provided for demodulating the signals from the re- 
spective sensor windings and the demodulated signals 4s 
were then passed, via a switch, to a common filter and 
analoguB-to-digital converter and then to the microproc- 
essor. In an alternative embodiment, separate filters and 
analogue-to-digital converters can be provided for the 
output of each of the mixers. Additionally, all this circuitry so 
could be implemented using a digital ASIC (application 
specific integrated circuit), which would reduce the over- 
all cost and complexity of the design. 
[0048] In the first embodiment, the resonator was ar- 
ranged to have a coil for each period of the sensor wind- ss 
Ing. This ensured that there was a constant coupling be- 
tween the resonator and the excitation winding for all 
rotation angles of the resonator board. This is preferred 



but is not essential. In particular, if the coupling between 
the resonator and the excitation winding varies with po- 
sition, this variation will be common to both signals in- 
duced in the-sensor windings and will be removed due 
to the ratiometric calculation perfomied by the micro- 
processor. 

[0049] In the above embodiment, a resonator was 
used to generate a magnetic field which varied as the 
resonator moved relative to the sensor windings. A sim- 
ilar magnetic field can be generated by other electro- 
magnetic elements, such as from ferrite pole pieces or 
from short-circuit coils or metal screens. Such a short- 
circuit coil embodiment could use the coils 53, 55 and 
57 shown in Figure 3 but with the ends connected in 
series ratherthan connected through a capacitor. In an 
embodiment which uses a short-circuit coil or a metal 
screen, the coupling of magnetic flux between the exci- 
tation winding and the sensor windings will be governed 
by the presence or absence of the short-circuit coll or 
the metal screen, and a careful design of the location of 
the coils or screens gives rise to a similar set of sinusoi- 
dally varying output signals from the sensor windings. 
Such a position encoder has the advantage that it is 
cheaper than the resonator design. However, the reso- 
nator design is preferred because it provides much 
greater output signal levels, it allows a pulse-echo mode 
of operation to be used (in which a burst of excitation 
signal is appliedto the excitation winding andthe signals 
on the sensor windings are only processed after the 
burst has ended - this is possible because the resonator 
continues to "ring" after the excitation signal has been 
removed) and becausethe resonatorsignals are 90° out 
of phase with the excitation signals, making them easier 
to isolate from any excitation breakthrough signals. 
[0050] In the above embodiments, an excitation sig- 
nal is applied to the excitation winding and the signals 
induced in the sensor windings were used to determine 
the position of the resonator. In an alternative embodi- 
ment, the excitation signal could be applied to each of 
the sensor windings in turn, in orderto energise the res- 
onator and the signals induced in the excitation circuit 
by the resonator would then cany the position infonna- 
tlon. 

[0051] In the first embodiment, the excitation winding 
did not extend beyond the centre points of the resonator 
coils, since this reduces the magnetic coupling between 
the excitation winding and the resonator. IHowever, the 
effect of this reduces as the gap between the sensor 
circuit board and the resonator circuit board increases. 
This is because the effective radius of the excitation 
coil's field increases as this gap Increases. The overall 
Impact is a reduction in the dynamic range of signal level 
which is received as the resonator gap varies, and this 
Is often of benefit to the processing electronics in appli- 
cations where significant gap variations are experi- 
enced. Another benefit of this modification Is that the 
maximum possible inductance of the excitation coil can 
be increased. 
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[0052] The present disclosure also includes the fol- 
lowing numbered clauses: 

1 . A transducer for use in a position encoder com- 
prising: 

afirst circuit having at least two loops arranged 
along a measurement path and said loops be- 
ing connected in series and being an^anged so 
that signals generated in said at leasttwo loops 
by a common electromagnetic field oppose 
each other; and 

a second circuit having at least one loop which 
extends along said measurement path; 

characterised in that the at least one loop of 
said second circuit is superimposed on but electri- 
cally Isolated from the at least two loops of said first 
circuit. 

2. A transducer according to clause 1 , wherein said 
first and second circuits are carried on two faces of 
a substantially planar Insulator. 

3. A transducer according to clause 1 or 2, wherein 
said first and second circuits are formed by a plu- 
rality of conductor tracks fonned on a printed circuit 
board. 

4. A transducer according to clause 1 , wherein said 
loops of said first and second circuits are provided 
by conductive films fomied on a substrate, and 
wherein an insulator film is provided between the 
conductive films fonning said first and second cir- 
cuits at least at crossover points. 

5. A transducer according to any preceding clause, 
wherein said loops of said first circuit have a gen- 
erally hexagonal shape. 

6. A transducer according to any preceding clause, 
comprising a plurality of said first circuits which are 
electrically separate from each other and are locat- 
ed one on the other, and wherein the at least two 
loops of the respective first circuits arespatlally sep- 
arated along said measurement path. 

7. A transducer according to any preceding clause, 
wherein said first circuit comprises an even number 
of said loops which are arranged in succession 
along said measurement path. 

8. A transducer according to any preceding clause, 
wherein said first and second circuits are arranged 
so thatthere is substantially no net electromagnetic 
coupling therebetween. 

9. A transducer according to any preceding clause, 



wherein a coupling area between one or more loops 
of one sense of said first circuit and said at least 
one loop of said second circuit is varied to oppose 
the effect- of a variation in coupling between the at 
5 least one loop of said second circuit and a joop of 
the other sense of the first circuit caused by an ar- 
rangement of connector tracks to said at least one 
loop of said second circuit. 

10 10. A transducer according to any preceding 
clause, wherein said second circuit comprises a 
plurality of tums of a spiral wound conductor tracl<. 

1 1 . A transducer according to any preceding clause, 
'5 wherein said second circuit comprises a plurality of 

concentric spiral windings of the same hand con- 
nected In series. 

12. A transducer according to any preceding 
20 clause, wherein said second circuit comprises at 

least one outer loop and at least one inner loop, and 
wherein said inner and outer loops are wound in the 
opposition direction to each other. 

2S 13. A transducer according to any preceding 
clause, wherein said measurement path Is linear. 

14. A transducer according to any preceding 
clause, wherein said measurement path is circular. 

30 

15. A transducer according to any preceding 
clause, wherein each loop of said first circuit Is 
formed by a plurality of tums of conductor, and 
wherein the tums of conductor are spatially sepa- 

35 rated in the measurement direction so as to reduce 
harmonic distortions. 

16. A transducer according to any preceding 
clause, wherein a pair of electrically separated con- 

40 nection tracks are provided to said first circuit and 
wherein one is superimposed on the other one 
when viewed in a direction perpendicular to said 
measurement path. 

17. A transducer according to any preceding 
clause, wherein the areas enclosed by the loops of 
said first circuit are substantially the same. 

1 8. An apparatus for use in a position encoder com- 
prising: 

an insulator base defining first and second sur- 
faces which extend along a measurement path; 
a first plurality of conductor tracks arranged on 
55 said first surface along said measurement path; 

a second plurality of conductor tracks arranged 
on said second surface along said measure- 
ment path; 
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wherein the insulator base comprises a plu- 
rality of via holes for connecting the conductor 
tracks on the first surface to the conductor tracl<s 
on the second surface to define (i) afirst circuit hav- 
ing at least two loops along the measurement path, 5 
said loops being connected in series and being ar- 
ranged so that signals generated in said at least two 
loops by a common electromagnetic field oppose 
each other; and (ii) a second circuit having at least 
one loop which extends along said measurement io 
path; 

characterised in that the first and second plu- 
rality of conductor tracl<s and said via holes are ar- 
ranged so that the at least one loop of said second 
circuit extends across the at least two loops of said 15 
first circuit. 

1 9. An apparatus for use In a position encoder com- 
prising: 

so 

an insulator base defining first and second sur- 
faces which extend along a measurement path; 
a first plurality of conductor tracks arranged on 
said first surface along said measurement path; 
a second plurality of conductortracks arranged ss 
on said second surface along said measure- 
ment path; 

wherein the insulator base comprises a plu-. 
rality of via holes for connecting the conductor 30 
tracks on the first surface to the conductor tracks 
on the second surface to define (i) afirst circuit hav- 
ing at least two loops along the measurement path, 
said loops being connected in series and being ar- 
ranged so that signals generated in said at leasttwo 35 
loops by a common electromagnetic field oppose 
each other; and (ii) a second circuit having at least 
one loop which extends along said measurement 
path; 

characterised in that: 40 

the conductortracks on said first surface which 
fonn part of said first circuit are arranged in first 
and second groups which are transversely 
spaced relative to said measurement path; « 
the conductor tracks on said second surface 
which form part of said first circuit are arranged 
for connecting conductor tracks in the first 
group with conductor tracks in the second 
group; and so 
the conductortrack or tracks which fomi said at 
least one loop of said second circuit are carried 
by said first surface between said first and sec- 
ond groups. 

55 

20. An apparatus for use in a position encoder com- 
prising: 



a first plurality of conductor tracks an-anged 
along a measurement path; 
a second plurality of conductortracks an-anged 
along said measurement path; 

wherein the first and second pluralities of con- 
ductor tracks are superimposed on each other to 
define 

(i) a first circuit having at least two loops along 
the measurement path, said loops being con- 
nected in series and being an-anged so that sig- 
nals generated in said at least two loops by a 
common electromagnetic field oppose each 
other; and (ii) a second circuit having at least 
one loop which extends along said measure- 
ment path; 

characterised In that the conductor tracks of 
said first plurality of conductor tracks which form 
part of said first circuit are arranged in first and sec- 
ond groups which are transversely spaced relative 
to said measurement path; 

the conductortracks of said second plurality 
of conductor tracks which forni part of said first cir- 
cuit are arranged for connecting conductor tracks in 
the first group with conductor tracks in the second 
group; and 

the conductor track or tracks of said second 
plurality of conductortracks which fomi said at least 
one loop of said second circuit are located between 
said first and second groups of conductor tracks 
and are electrical ly separated from said second plu- 
rality of conductortracks. 

21 . A transducer for use in a position sensor, com- 
prising: 

two layers of conductor tracks insulated, at 
least at any crossovers, by an insulator, the 
conductortracks being arranged so as to define 
(i) a first circuit having at least two loops of op- 
posite sense which extend along a measure- 
ment path, said loops being connected in series 
and being arranged so that signals generated 
in said at leasttwo loops by a common electro- 
magnetic field oppose each other; and (ii) a 
second circuit having at least one loop which 
extends along said measurement path and 
which is superimposed on but electrically iso- 
lated from said at least two loops of said first 
circuit; 

wherein an electromagnetic coupling area be- 
tween the at least one loop of said second circuit 
and one or more loops of one sense of said first cir- 
cuit is varied to oppose the effect of a variation in 
coupling between the at least one loop of said sec- 
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ond circuit and a loop of tlie otfier sense of said first 
circuit caused by an arrangement of connector 
tracks to said second circuit. 

22. A transducer according to clause 21 , wherein s 
said two layers of conductor tracks are each carried 

on a respective side of a substantially planar insu- 
lator. 

23. A transducer according to clause 21 , wherein io 
said conductortracks are formed by patterned con- 
ductor films formed on a substrate, and wherein an 
insulator film is provided at least at the crossover 
points between the conductive films forming said 
first and second circuits. is 

24. A transducer according to any of clauses 21 to 
23, wherein said second circuit comprises a plural- 
ity of concentric spiral windings. 

20 

25. A transducer according to clause 24, wherein 
the coupling area between the at least one loop of 
said second circuit and one or more loops of one 
sense of said first circuit is varied in the vicinity of 
the or each start to the spiral winding. ss 

26. An apparatus for use in a position encoder com- 
prising: 

an insulator base defining first and second sur- so 
faces which extend along a measurement path; 
a first plurality of conductortracks arranged on 
said first surface along said measurementpath; 
a second plurality of conductortracks arranged 
on said second surface along said measure- 35 
ment path; 

wherein the insulator base comprises a plu- 
rality of via holes for connecting the conductor 
tracks on the first surface to the conductor tracks 40 
on the second surface to define (i) a first circuit hav- 
ing at least two loops along the measurement path, 
said loops being connected in series and being ar- 
ranged so that signals generated in said at leasttwo 
loops by a common electromagnetic field oppose 4S 
each other; and (11) a second circuit having at least 
one loop which extends along said measurement 
path and which is superimposed on but electrically 
isolated from said at leasttwo loops of said first cir- 
cuit; 50 

wlierein an electromagnetic coupling area be- 
tween the at least one loop of said second circuit 
and one or more loops of one sense of said first cir- 
cuit is varied to oppose the effect of a variation in 
coupling between the at least one loop of said sec- 55 
ond circuit and a loop of the other sense of said first 
circuit caused by an an-angement of connector 
tracks to said second circuit. 



27. A position sensor comprising: 

first and second members mounted for relative 
movement along a measurement path; 
said first member comprising a transducer or 
an apparatus according to any preceding 
clause; and 

said second member comprising means for in- 
teracting with said circuits on said transducer 
such that in response to an input driving signal 
applied to one of said circuits, there is induced 
in the other said circuit an output signal which 
varies as a function of the relative position be- 
tween said first and second members along 
said measurement path. 

28. A sensor according to clause 27, wherein said 
interacting means comprises an electromagnetic 
field generator. 

29. A sensor according to clause 27 or 28, wherein 
said interacting means comprises at least one of: 
an electromagnetic resonant device, a short circuit 
coil, a conductive screen or a ferrite pole piece. 

30. A senspr according to any of clauses 27 to 29, 
wherein said interacting means and said at least 
two loops of said first circuit are arranged so that 
said output signal continuously varies as a function 
of the relative position of said first and second mem- 
bers along said measurement path. 

31 . A sensor according to clause 30, wherein said 
output signal varies periodically as a function of the 
relative position between said interacting means 
and said at leasttwo loops. 

32. A sensor according to clause 31 , wherein said 
periodic variation is substantially sinusoidal. 

33. A sensor according to any of clauses 27 to 32, 
further comprising drive means for applying said in- 
put driving signal to one of said first and second cir- 
cuits and processing means for processing the sig- 
nal generated in said other circuit and for providing 
an indication therefrom of the relative position of 
said first and second members. 

34. A sensor according to clause 33, wherein said 
processing means comprises a demodulator which 
is matched to the phase of the signal generated In 
said other circuit by said interacting means. 

35. A sensor according to clause 33 or 34, wherein 
said transducer comprises two or more of said first 
circuits, 

wherein the loops of the respective first circuits are 
spatially separated along said measurement path 
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and 

wherein said processing circuit is operabie to per- 
form a trigonometric ratio calcuiation of ttie signals 
generated in said two or more first circuits. 

5 

36. A sensor according to any of clauses 33 to 35, 
wherein said output signal generated in said other 
circuit varies sinusoidally as a function of the posi- 
tion along said path of said interacting means rela- 
tive to said at least two loops, and wherein one pe- io 
hod of said sinusoidal variation corresponds to a rel- 
ative movement along the measurement path of the 
extent of two of said series connected loops. 

37. A sensor according to any of clauses 33 to 36, 
wherein said first and second circuits are mounted 
on a circuit board, and wherein said drive means 
and/or said processing means is mounted on said 
circuit board. 

20 

38. A sensor according to any of clauses 27 to 37, 
wherein said first and second circuits are fomned on 
substantially planar surfaces. 

39. A sensor according to clause 38, wherein said 
interacting means comprises a coil and wherein the 
axis of the coll is generally perpendicular to said pla- 
nar surface. 

40. A sensor according to clause 39, wherein the so 
first and second circuits lie In substantially the same 
plane, and wherein said coil is movable relative to 
said first and second circuits in a plane which is sub- 
stantially parallel to the plane in which said first and 
second circuits lie. 35 

41 . A sensor according to any of clauses 27 to 40, 
wherein said first member is fixed and wherein said 
second member is movable with respect to said first 
member. 40 

42. A method of detecting the position of first and 
second members mounted for relative movement 
along a measurement path, the method comprising 
the steps of: 45 

providing a position sensor according to any of 

clauses 27 to 40; 

applying a drive signal to one of the circuits on 
said transducer; and so 
detecting the signal generated in said other cir- 
cuit and deriving therefrom the relative position 
of said first and second members. 

43. A method according to clause 42, wherein said ss 
driving signal comprises an altemating signal hav- 
ing a frequency in the range of 1 0 KHz to 1 0 MHz. 



Claims 

1. A transducer for use in a position sensor, compris- 
ing: 

two layers of conductor tracl<s insulated, at 
least at any crossovers, by an insulator, the 
conductortracl<s being arranged so as to define 
(i) a first circuit having at least two loops which 
extend along a measurement path, said loops 
being connected in series and being arranged 
so that signals generated in said at least two 
loops by a common electromagnetic field op- 
pose each other; (ii) a second circuit having at 
least one loop which extends along said meas- 
urement path and which is superimposed on 
but electrically isolated from said at least two 
loops of said first circuit; and (ill) connector 
tracks for connecting said second circuit to an 
external device; 

wherein the connection of said connector 
tracks to said second circuit creates an imbalance 
between said first and second circuits and wherein 
said second circuit comprises one or more conduc- 
tor tracks positioned relative to said loops of said 
first circuit for opposing the imbalance caused by 
said connector tracks. 

2. A transducer according to claim 1 , wherein said two 
layers of conductor tracks are each carried on a re- 
spective side of a substantially planar insulator. 

3. A transducer according to claim 1 , wherein said 
conductor tracks are formed by patterned conduc- 
tor films fomned on a substrate, and wherein an in- 
sulator film is provided at least at the crossover 
points between the conductive films fonning said 
first and second circuits. 

4. A transducer according to any of claims 1 to 3, 
wherein said second circuit comprises a plurality of 
concentric spiral windings. 

5. A transducer according to claim 4, wherein said one 
or more conductor tracks of said second circuit 
which are positioned relative to said loops of said 
first circuit for opposing the imbalance caused by 
said connector tracks are positioned in the vicinity 
of the or each start: to the spiral winding. 

6. A transducer according to any preceding claim, 
wherein said loops of said first circuit have a gen- 
erally hexagonal shape. 

7. A transducer according to any preceding claim, 
comprising a plurality of said first circuits which are 
electrically separate from each other and are locat- 
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ed one on the other, and wherein the at least two 
loops of the respective first circuits are spatially sep- 
arated along said measurement path. 

8. A transducer according to any preceding claim, 
wherein said first circuit comprises an even number 
of said loops which are an'anged in succession 
along said measurement path. 

9. A transducer according to any preceding claim, 
wherein said first and second circuits are arranged 
so that there is substantially no net electromagnetic 
coupling therebetween. 

10. A transducer according to any preceding claim, 
wherein said second circuit comprises at least one 
outer loop and at least one Inner loop, and wherein 
said inner and outer loops are wound in the oppo- 
sition direction to each other. 

11. A transducer according to any preceding claim, 
wherein said measurement path is linear. 

12. A transducer according to any preceding claim, 
wherein said measurement path Is circular. 

13. A transducer according to any preceding claim, 
wherein each loop of said first circuit is fomried by 
a plurality of turns of conductor, and wherein the 
turns of conductor are spatially separated In the 
measurement direction so as to reduce hannonic 
distortions. 

14. A transducer according to any preceding claim, 
wherein a pair of electrically separated connection 
tracks are provided to said first circuit and wherein 
one is superimposed on the other one when viewed 
in a direction perpendicular to said measurement 
path. 

15. A transducer according to any preceding claim, 
wherein the areas enclosed by the loops of said first 
circuit are substantially the same. 

16. A transducer according to any preceding claim, 
wherein said at least two loops of said first circuit 
are connected so that an EMF generated by a com- 
mon background electromagnetic field in one of 
said loops opposes the EMF induced in the other 
loop by the same magnetic field. 

17. A position sensor comprising: 

first and second members mounted for relative 
movement along a measurement path; 
said first member comprising a transducer ac- 
cording to any preceding claim; and 
said second member comprising means for in- 



teracting with said circuits on said transducer 
such that in response to an input driving signal 
applied to one of said circuits, there is Induced 
in the other said circuit an output signal which 
5 varies as a function of the relative position be- 

tween said first and second members along 
said measurement path. 

1 8. A sensor according to claim 1 7, wherein said inter- 
10 acting means comprises an electromagnetic field 

generator. 

19. A sensor according to claim 17 or 18, wherein said 
interacting means comprises at least one of: an 

15 electromagnetic resonant device, a short circuit 
coii, a conductive screen or a ferrite pole piece. 

20. A sensor according to any of claims 1 7 to 1 9, where- 
in said interacting means and said at least two loops 

•20 of said first circuit are arranged so that said output 
signal continuously varies as a function of the rela- 
tive position of said first and second members along 
said measurement path. 

25 21. Asensoraccordingto claim 20, wherein said output 
signal varies periodically as afunction of the relative 
position between said interacting means and said 
at least two loops. 

30 22. A sensor according to claim 21 , wherein said peri- 
odic variation is substantially sinusoidal. 

23. A sensor according to any of claims 1 7to 22, further 
comprising drive means for applying said input driv- 

35 ing signal to one of said first and second circuits and 
processing means for processing the signal gener- 
ated in said other circuit and for providing an indi- 
cation therefrom of the relative position of said first 
and second members. 

40 

24. A sensor according to claim 23, wherein said 
processing means comprises a demodulator which 
is matched to the phase of the signal generated in 
said other circuit by said interacting means. 

25. A sensor according to claim 23 or 24, wherein said 
transducer comprises two or more of said first cir- 
cuits, wherein the loops of the respective first cir- 
cuits are spatially separated along said measure- 
so ment path and wherein said processing circuit is op- 
erable to perform a trigonometric ratio calculation 
of the signals generated in said two or more first 
circuits. 

55 26. Asensoraccordlngtoanyofclalms23to25, where- 
in said output signal generated In said other circuit 
varies slnusoidally as a function of the position 
along said path of said interacting means relative to 
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said at least two loops, and wherein one period of 
said sinusoidal variation con-esponds to a relative 
movement along the measurement path of the ex- 
tent of two of said series connected loops. 

5 

27. A sensor accordingto any of claims 23 to 26, where- 
in said first and second circuits are mounted on a 
circuit board, and wherein said drive means and/or 
said processing means is mounted on said circuit 
board. io 

28. A sensor accordingto any of claims 1 7to 27, where- 
in said first and second circuits are fomied on sub- 
stantially planar surfaces. 

15 

29. A sensor according to claim 28, wherein said inter- 
acting means comprises a coil and wherein the axis 
of the coil is generally perpendicular to said planar 
surface. 

20 

30. A sensor according to cl aim 29 , wherein the first and 
second circuits lie in substantially the same plane, 
and wherein said coil Is movable relative to said first 
and second circuits in a plane which Is substantially 
parallel to the plane in which said first and second 25 
circuits lie. 

31 . A sensor accordingto any of claims 1 7to 30, where- 
in said first member is fixed and wherein said sec- 
ond member is movable with respect to said first 30 
member. 

32. A method of detecting the position of first and sec- 
ond members mounted for relative movement along 

a measurement path, the method comprising the 35 
steps of; 

providing a position sensor according to any of 
claims 17 to 31; 

applying a drive signal to one of the circuits on 40 
said transducer; and 

detecting the signal generated in said other cir- 
cuit and deriving therefrom the relative position 
of said first and second members. 

45 

33. A method according to claim 32, wherein said driv- 
ing signal comprises an alternating signal having a 
frequency in the range of 1 0 KHz to 10 MHz. 
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